We report on selective-area growth and characterization of wurtzite (WZ) InP/AlGaP core-multishell nanowires. Quantum well (QW) structures were fabricated in the AlGaP multishells by changing alloy compositions. Transmission electron microscopy revealed that the AlGaP multishell was grown with a WZ structure on side of the WZ InP core. The lattice constants of the WZ InP core and WZ AlGaP shell were determined by X-ray diffraction. Cathodoluminescence studies showed that the WZ AlGaP QW with an Al composition of 20% had green emissions at 2.37 eV. These results open the possibility for green light-emitting diodes using WZ AlGaP based materials.
experimentally demonstrated in WZ GaP 8, 9) and WZ AlInP, 10) these WZ materials with quantum well (QW) structures required for LED applications have not been reported so far.
In nanowire (NW) structures, radial core-multishell (CMS) NWs with QW structures are suitable structures for LED applications. 11, 12) In this study, we report the growth and characterization of WZ InP/AlGaP CMS NWs with QW structures for the green color spectrum. The WZ AlGaP at an Al composition of around 20% is expected to have the band gap energy in the green spectral region according to calculations of their band structures.
6,7)
The CMS NWs were synthesized by selective-area metal organic vapor phase epitaxy (SA-MOVPE). In SA-MOVPE, InP NWs can be grown with a pure WZ structure by properly adjusting the growth conditions. [13] [14] [15] Based on these WZ InP NWs, the crystal structure transfer method [16] [17] [18] was applied for the radial multishell growth. At first, a 20-nm-thick SiO 2 layer was deposited on an InP (111)A substrate using plasma sputtering, and the SiO 2 layer was partially removed using electron-beam (EB) lithography and wet chemical etching. The
SiO 2 patterns were designed to be a periodic array of openings with a diameter of 130 nm.
The SA-MOVPE was performed in a low-pressure MOVPE reactor using trimethylaluminum (TMAl), trimethylgallium (TMGa), trimethylindium (TMIn), and tertiarybutylphosphine (TBP) as source materials. Prior to the growth, the native oxide on the openings was removed using thermal cleaning for 5 min at 600°C under a hydrogen and TBP ambient. 19) the penetration depth of the electrons was about 500 nm under this condition, whereas most of the electrons were generated within a fraction of the penetration depth. 2(f), the aluminum and gallium compositions in the barrier layers were almost the same excluding the effect of indium diffusion, which is equal to the supply ratio of TMAl and TMGa. Therefore, the aluminum and gallium compositions in the QW layer were estimated to be 20% and 80%, respectively.
To ensure the crystal structures of a CMS NW, we performed TEM and fast-Fouriertransform (FFT) analyses on a NW, and these are shown in Fig. 3 . Three parts of the NW were investigated. First, the InP core had a WZ structure with a few stacking faults per micrometer. Second, the AlGaP shell on top of the InP core had a ZB structure with stacking faults. In Fig. 3(a) , the diameter in the top part of the NW was larger than that in the middle part. This offers another piece of evidence that the AlGaP shell on the top consists of ZB structures because stacking faults and lateral growth continuously occur until stable {-110}
facets are formed in case of selective area growth of NWs with ZB structures. 14, 21) Third, the AlGaP shell on the side of the InP core mainly had a WZ structure, but it partly had a ZB structure resulting from stacking faults. The appearance ratio of WZ segments in the AlGaP shell was calculated using the statistical analysis 22) to be 84%. We consider the stacking faults and ZB segments appeared at the interface of the InP core and AlGaP shell for the following reasons. For planar layers, the critical thickness is calculated to be less than 1 nm from the lattice mismatch of 7.0% between InP and Al 0.5 Ga 0.5 P. When the AlGaP shell is grown on the InP core, it can be coherently grown on the InP core until it reaches the critical thickness, and then misfit dislocations appear in the AlGaP shell. As a result, additional layers are introduced in WZ layers of the AlGaP shell that has a smaller lattice constant, resulting in ZB segments such as "ABABCBCB…" and "ABACABAB...". This implies the incorporation of InP that has a larger lattice constant. The measured lattice constants of WZ AlGaP correspond to those with indium incorporation of about 10% when they are geometrically converted using Vegard's law. This result is consistent with the EDX analysis discussed in Fig. 2 .
To understand the effects of WZ and ZB structures on optical properties, we carried out InP is equivalent to the known value, whereas the peak energy for WZ InP is slightly higher than those previously reported. 13) The band gap energy of WZ InP is 1.502 eV for the theoretical value, and the band gap energy of previously reported WZ InP NWs is 1.54 eV. In this study, the WZ InP core has compressive strain arising from the AlGaP shell, which can lead to the increase in the band gap energy. If the band gap energy of the WZ InP NWs is the same as that of previously reported ones, the effect of compressive strain will lead to an energy shift of 80 meV.
Regarding the AlGaP multishell, CL emissions were observed at 2.18 and 2.37 eV. From the electron beam spot, the former can be attributed to ZB AlGaP on the top of the InP core, and the latter can be attributed to WZ AlGaP on the side. We consider that these two emissions were originated from the AlGaP QWs because we found in a similar material combination that simple core-shell NWs without QW structures had no CL emissions from the shells. Although the origin of the peak at 2.30 eV observed in beam positions #3-5 in Fig.   5 (b) was unclear, it was probably related to WZ/ZB type II junctions at the interface of WZ and ZB AlGaP shells. The reason for the low emission intensity was that the generated electron-hole pairs can easily be moved from the AlGaP shell to the InP core. The results indicate that green emissions at 2.37 eV (523 nm) were evident from the WZ AlGaP QW, which had a shorter wavelength than reported ones. 8, 10) The estimated band gap for WZ Al 0.2 Ga 0.8 P is 2.394 eV using a linear approximation from the values found in the literature. 6, 27) The WZ Al 0.5 Ga 0.5 P/Al 0.2 Ga 0.8 P/Al 0.5 Ga 0.5 P QW is predicted to be type I band alignment with the conduction and valence band offsets of 93 and 112 meV, and the quantum confinement effect of 3-nm-thick QW leads to an energy blue shift of 111 meV. In addition, the effect of indium incorporation of 10%, which was suggested by XRD and EDX measurements, leads to an energy red shift of 92 meV.
Therefore, the emission energy of our WZ QW is estimated to be 2.413 eV. This estimation is consistent with the experimental result. Calculation based on a ZB QW gave similar confinement energy and red shift due to In incorporation, thus, the ZB QW is less likely.
However, discussing the nature of these emissions in more detail is difficult at present and consideration of strain effect and the variations in compositions and QW thicknesses should be required for more accurate assessment. In this regard, further optical investigations such as time-resolved measurements are required to clarify whether or not they have direct band gaps.
In summary, we investigated the growth morphology, composition, and structural and optical properties of WZ InP/AlGaP CMS NWs grown using the crystal structure transfer method. Cross-sectional STEM and EDX studies showed that the QW structures were formed in the AlGaP multishell. TEM analysis revealed that the InP core had a WZ structure with very few stacking faults and that the AlGaP multishell was grown with a WZ structure on the side of the InP core, while it was grown with a ZB structure on the top. From XRD measurements, the measured lattice constants of WZ InP were almost the same as the calculated values, while those of WZ AlGaP were larger due to indium outdiffusion. Finally, we found green emissions at 2.37 eV from the WZ AlGaP QW and showed that the difference in the crystal structures affects CL emission energies in the AlGaP QWs. Our results demonstrate a pathway for green LEDs using WZ AlGaP based materials. Top (2) Middle (6) (c)
